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I n t r o d u c t i o n  

One o f  the key problems i n  f o s s i l  f u e l  ana lys i s  i s  t h e  determinat ion o f  va r ious  
func t i ona l  groups associated w i t h  C, N, S, and 0 atoms. While a number of 
a n a l y t i c a l  techniques have been u t i l i z e d  t o  accomplish t h i s  ob jec t i ve ,  t o  da te  none 
o f  these techniques prov ide bulk  i n fo rma t ion  i n  a non-dest ruct ive manner. Thus, f o r  
example, when photoelect ron spectroscopic methods are used i n  a non-dest ruct ive 
mode, because o f  t h e  nature o f  t h e  photoelect ron escape depth ( %  10 A'), t h e y  
prov ide usefu l  i n fo rma t ion  on ly  about sur face canposi t ion.  I n  o rde r  t o  ge t  b u l k  
ana lys i s  w i t h  these techniques, i t  i s  necessary e i t h e r  t o  average a l a r g e  q u a n t i t y  
o f  sur face data by running d i f f e r e n t  samples, o r  t o  dest roy the  sample, l a y e r  by 
l aye r ,  and average t h e  r e s u l t a n t  data. O f  course, any s o r t  o f  su r face  l a y e r  
d e s t r u c t i o n  i s  bound t o  a l t e r  t he  sample and prov ide i naccu ra te  chemical bonding 
in format ion.  Mass spect rometr ic  methods, which c o n s t i t u t e  another way o f  s tudy ing  
coal samples, are d e s t r u c t i v e  by nature and do no t  y i e l d  t o t a l l y  r e l i a b l e  answers. 

Aside from the  above considerat ions,  another problem presents i t s e l f  i f  one 
considers coal t o  be an ensemble o f  randomly v a r i a b l e  huge macromolecules. The s i z e  
o f  t h e  macromolecule by i t s e l f  guarantees :hat thf valence e l e c t r o n  s t r u c t u r e  w i l l  
be very complex, i.e., t h a t  t he re  i s  a f o r e s t  o f  valence molecular  o r b i t a l s .  
Consequently, any spect roscopic  technique which prov ides o n l y  a s i n g l e  valence 
e l e c t r o n  spectrum pe r  molecule i s  p r a c t i c a l l y  useless. It i s ,  f o r  t h i s  reason t h a t  
UV absorption, UV and X-ray valence photoelect ron spectroscopies are n o t  e f f e c t i v e l y  
usefu l  i n  coal f unc t i ona l  group analys is .  What i s  nee!ed i s  a spect roscopic  method 
which i s  ab le t o  prov ide d i f f e r e n t  views o f  a complex f o r e s t "  o f  valence mo lecu la r  
o r b i t a l s .  While i t  i s  c e r t a i n l y  c o r r e c t  t o  say t h a t  X-ray co re  photoelect ron 
spectroscopy prov ides some use fu l  i n fo rma t ion  because f o r  each o f  a tan  ( w i t h  
2 2 3) t h e r e  e x i s t s  a t  l e a s t  one s p e c i f i c  and c h a r a c t e r i s t i c  core photoelect ron 
s igna l ,  i t  i s  equa l l y  t r u e  t h a t  t h e  c o r r e l a t i o n  between core photoelect ron s h i f t s  
due t o  changes i n  valence e l e c t r o n  s t r u c t u r e  are not  always r e a d i l y  dec ipherable i n  
t h e  case o f  l a r g e  organic  macromolecules. 

It i s  the o b j e c t i v e  o f  t h i s  paper t o  present X-ray f luorescence i n  a new r o l e  a t  
h i g h  o p t i c a l  reso lu t i on ,  namely, as a p o t e n t i a l l y  use fu l  t o o l  f o r  a d i r e c t  
determinat ion o f  t h e  valence e l e c t r o n  s t ruc tu res  around the  d i f f e r e n t  k inds o f  atoms 
of i n t e r e s t .  Stated somewhat d i f f e r e n t l y ,  i t  w i l l  be shown t h a t  XFS i s  an atomic 
probe t o  sample molecular  v,;ence e l e c t r o n  s t ruc tu re ,  and because o f  t h e  ve ry  na tu re  
of t h i s  probe, t he  complex f o r e s t "  o f  molecular  o r b i t a l s  becanes more dec ipherable 
than w i t h  any o the r  technique. 

Theory and Background In fo rma t ion  on Pure Substances 

While Urch (1) has r e c e n t l y  reviewed t h e  o v e r a l l  c a p a b i l i t i e s  o f  XFS f o r  
chemical bonding s tud ies,  h i s  review d i d  not  d i r e c t  t h e  reader toward the  a n a l y t i c a l  
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p o s s i b i l i t i e s  o f  thi? technique. Thus, i t  appears t o  be use fu l  t o  show how 
molecu la r  XFS "works. F i g u r e  1 i s  a comprehensive v iew o f  t h e  energy l e v e l  diagram 
of a hypothe t ica l  d ia tomic  molecule A-B, where both atoms A and B have f i l l e d  core 
l e v e l s ,  K. L1, L2, LJ, and where t h e  molecule AB possesses a m q j f o l d  o f  f i l l e d  
molecular o r b i t a l s ~  i s and a manifold o f  u n f i l l e d  (an t ibond ing)  'Y i s. The var ious 
spectroscopic techniques a re  i l l u s t r a t e d  by a p p r o p r i a t e l y  l a b e l l e d  arrows, w i t h  each 
arrow represent ing  a t y p i c a l  one-electron t r a n s i t i o n .  Besides XFS, XPS (X-ray 
photoe lec t ron  specroscopy), XAS (X-ray absorp t ion  spectroscopy), UAS ( u l t r a v i o l e t  
v i s i b l e  absorp t ion  spectroscopy) and UPS ( u l t r a v i o l e t  photoe lec t ron  spectroscopy) 
t r a n s i t i o n s  a re  shown. 

As s ta ted  be fore ,  one o f  t h e  fundamental d i f f e r e n c e s  between XFS and o ther  
spectroscopic methods used f o r  e l e c t r o n i c  s t r u c t u r a l  s tud ies  o f  molecules i s  t h a t  
w i t h  a l l  o f  t h e  o t h e r  methods one ob ta ins  a s ing le  spectrum per molecule. I f  one 
were i n te res ted  i n  s tudy ing  t h e  valence e l e c t r o n  s t r u c t u r e  o f  10-thioxanthenone ( a  
l i k e l y  c o n s t i t u e n t  t o  be found i n  coa l )  by UAS, UPS, and XPS, each o f  the  techniques 
would y i e l d  a s i n g l e  valence e l e c t r o n  spectrum. Using XFS a carbon K emission 
spectrum, an oxygen K emission spectrum, as we l l  as s u l f u r  K and s u l f u r  L emission 
spectra,  can be obtained. 

With XFS no t  o n l y  i s  t he re  a heteroatom c a p a b i l i t y  and poss ib l y  even m u l t i p l e  
spec t ra  per each heteroatom, bu t  a l so  e l e c t i c  d i p o l e  se lec t i on  r u l e s  provide 
add i t i ona l  s i m p l i f i c a t i o n  i n  case t h e  symmetry i s  h igh  enough. S imp l i f i ed  spectra 
are obtained e s p e c i a l l y  i f  t h e  core  vacancy i s  on an atom w i t h  a cent ro  o r  pseudo 
centrosymmetric pos i t i on .  

The use o f  XFS t o  determine the  o s i t i o n  and type o f  heteroatom has enormous 
p r a c t i c a l  a n a l y t i c a l  consequences (2-57. I f  t h e  core vacancy i s  on a cen t ra l  atom, 
and i f  the  valence e l e c t r o n  charge d e n s i t y  i s  s u f f i c i e n t l y  l oca l i zed ,  then XFS can 
be used f o r  l i g a n d  i d e n t i f i c a t i o n .  Thus, i f  the  cen t ra l  atom A i s  i n  a 4 - fo ld  
c o o r d i n a t i o n  w i t h  l i g a n d s  L1, L3, L4 and i f  L1 = L h  =L3 = L4, namely, A-(L1)4 
but i t  i s  changed t o  L ~ - A - ( L ~ )  k2 then t h e  XFS spectra w i  r e f l e c t  t h i s  s u b s t l t u t i o n  
o f  L2  f o r  one o f  t h e  L1-s by silowing a new t r a n s i t i o n .  Note t h a t  t he  l i gands  can be 
atoms o r  mo lecu la r  fragments. Add i t iona l  examples were s tud ied  by Whitehead (6).  
The cent ra l  atom i n  t h i s  case was s u l f u r  and S-KB spec t ra  were obtained f o r  Na2s04, 

Typ ica l  examp?& are  down i n  i gu res  2 throug% f.' I d e n t i c $  c a p a b i l i t y  i s  achieved 
when the  c o r e  vacancy i s  on a pseudo-central atom. The PKB s p e c t r m  o f  a l a rge  
molecule o f  t h e  type I 1  shows i n d i v i d u a l  t r a n s i t i o n s  t h a t  correspond t o  the  

KHS04, Na2SO NaHSO , KC~HF,, SO4. (C4Hg) SO (CH3C6H )2S02, and C6H5sO2NH2. 

I 1  

d i f f e r e n t  l i gands  as the  l i g a n d  i s  changed from -0CH , t o  OC2H t o  ,;H3 t o  C2H . 
What i s  s i g n i f i c a n t  i s  t h a t  i t  i s  poss ib le  ( 4 5 7  t o  iden!;fy f i n g e r p r i n b  
t r a n s i t i o n s  of t he  type: Pp3-s3p; pjP-sjp; ~ 3 ~ - O 2 ~ C 2 ~ ;  ~ ~ ~ - o ~ ~ C ~ ~ c ~ ~ ;  pjP-cpp; 

3p %ot& f n t e r e s 8 n g  and unique aspect o f  using XFS as an atomic probe t o  
c h a r a c t e r i z e  valence e l e c t r o n  s t r u c t u r e  can be i l l u s t r a t e d  when the  i n i t i a l  s ta te  
core vacancy i s  on a l i gand  atom which i t s e l f  i s  at tached t o  a r i n g  system. This 
was -demonstrated by Whitehead (6 ,7) .  The C1-KB spec t ra  o f  p -ch lo roan i l ine ,  p- 
dichlorobenzene, and p n i t r o c h l o r o b e n z e n e  were d i f f e r e n t  p rec i se l y  because of the  
d i f f e r e n c e  i n  t h e  e l e c t r o n  donat ing and withdrawing powers o f  t h e  -NH2, -NO2, and 
-C1 func t i ona l  groups. Equa l ly  i n t e r e s t i n g  was Whitehead's demonstration of the 
a b i l i t y  o f  XFS as a l i g a n d  atom probe t o  d i f f e r e n t i a t e  among t h e  0.m-, and P- 
chlorobenzoic ac id  isomers by studying the  c 1 - K ~  emission spectra. 

P c -c ;P3 -0p;P -Czs. 
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I t  i s  appropriate t o  indicate the power of XFS a s  a heteroatom probe when 
studying sulfur bearing heterocycles since several types a re  present in coal.  
Phi l l ips  (8) studied the S-KB spectra of 19 d i f fe ren t  sulfur-bearing heterocycles 
which included thiophene, saturated sulfur heterocycles, various mono- and di-  
substituted thiopenes and a few heterocycles containing both sulfur and nitrogen. 
Figure 6 shows the  S-K6 spectrum of thiophene. Accordingly, there are several 
prominent features,  namely, band A a t  2456 eV corresponding t o  a t rans i t ion  from au 
bond of S 3p),-C(2s) character,  band B a t  2460 eV reflecting u bonding of S(JPy- 
C ( 2 p ) - C ( 2 A  character, band C around 2464 eV reflecting IT bonding with S(3 )-C(2 ) 
as well as S(3 )-C(2 ) character,  band D a t  2466 eV reflecting ! izS(3  'f- 
C(2p)  CI bond, and'rhe 08$ sharp band E a t  2468 eV corresponding t o  the nonbonlfng 
S(3 ) orbital .  In  rea l i ty  each of the broad bands A, B ,  and C involve several 
unr!:olved t rans i t ions ,  and the lack of resolution i s  primarily due t o  the in i t i a l  
state--S-K level broadening. 

In going fran thiophene t o  the other heterocycles, the overall pattern in terms 
of the number of bands and the re la t ive  positions of the  bands remains the  same. 
This should not be t o o  surprising since the basic C-S-C structure i s  retained. The 
re la t ive  peak heights for  bands A and B also remain the  same. However, in going 
from an unsaturated t o  a saturated sulfur heterocycle, inserting a nitrogen i n t o  the 
ring system, or using dichloro substi tution in the ring, the  amount of S-3p 
character in molecular o rb i t a l s  corresponding t o  t rans i t ions  C ,  D ,  and E i s  
altered. For the spectra of thiophene and tetrahydrothiophene (Figure 7 ) ,  the  
integrated intensity r a t io  of D / E  changes from 1.4 t o  0.8. The introduction of a 
nitrogen atom in the ring, or dichloro substi tution causes the  O / E  r a t io  t o  decrease 
t o  0.9. 

When the immediate environment of S i s  d ras t ica l ly  altered from C-S-C t o  C-S-N 
a s  in isothiazole (Figure 8 ) ,  or t o  N-S-N as i n  2,1,3 - benzothiadiazole, then new 
bands appear, corresponding t o  C(2p)-S(3p)-N(2p) or N(2p)-S(3p)-N(2p) bonding, 
etc.  The D / E  intensity r a t io  fo r  saturated su l fur  heterocycles i s  in the  range of 
0.7 t o  0.8, and since for  unsaturated sulfur heterocycles t h i s  r a t io  i s  in the range 
of 1.2 t o  1.4 with the exact value depending upon the  nature of the substi tuent,  i t  
appears tha t  t h i s  ra t io  gives a re l iab le  value for  the re la t ive  amount of saturated 
sulfur heterocycles. The introduction of one o r  more nitrogen atoms adjacent t o  S 
dras t ica l ly  a l t e r s  the S-Kp spectra and the S-N and N-S-N functional content also 
appears t o  be discernible. Consequently, i t  appears tha t  there  may be several 
useful analytical capabi l i t i es  attainable from the S-Kp emission spectra of sulfur 
heterocycles. 

Another problem in electron structural studies i s  t o  examine whether or not a 
particular technique i s  capable of distinguishing between d i f fe ren t  kinds of carbon- 
oxygen bonding. This area was investigated by Burkard and Kim (9,lO). The 
following substances were studied by Burkard: p-benzoquinone (PBQ), anthraquinone 
( AQ) , acridone ( ACR) , acanaphthal enequi none ( ANQ) , and phenant hrenequi none ( AQ) . 
The oxygen Ka spectra of a l l  of the quinones show three  basic features,  namely, an 
intense and relatively sharp band around 527 eV corresponding t o  t rans i t ions  from 
lone p a i r  ( l p )  orb i ta l s ,  a re la t ive ly  diffuse and broad T band region about 2 eV 
below the lp  peak, p l u s  a very broad and diffuse u region around 522 eV. There are 
significant differences i n  al l  o f  the spectra. For A C R  the  lone pair peak, probably 
due t o  the presence of the N heteroatom causes a low energy s h i f t  forAhe lone pair  
l p  band. Moreover, the  widths of the l p  bands as well as t h e i r  contours Sean t o  
provide useful lp-lp interactions.  One of the more obvious lp-lp interactions,  as 
i l lus t ra ted  in Figures 9 and 10, i s  due to  ortho vs. para positions of the oxygen 
atoms yielding a very broad l p  band for  ANQ as  compared w i t h  AQ. There appears t o  
be some limited analytical potential in using 0-Ka emission spectra t o  distinquish 
among various quinones. 

Kim's C-Ka and 0-Ka studies included lithium carbonate, urea, lithium, acetate,  
magnesium oxalate, and squaric acid. The spectra fo r  the l a t t e r  three a r e  
i l lus t ra ted  in Figures 11-13. According t o  the spectra, i t  appears tha t  when there 
is a monocarboxylic acid ( L i A C )  as compared with a dicarboxylic acid, the halfwidth 
of the lone pair band A i s  considerably narrower. Thus, the halfwidth of the lone 
pair  may be a useful tool fo r  d i f fe ren t ia t ing  between mono and polycarboxylic 
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acids.  F i n a l l y ,  as shown i n  F i g u r e  1 3  f o r  squar ic  acid, XFS can d i f f e r e n t i a t e  
between C=O and C-OH f u n c t i o n a l  groups (see bands A vs. A ’  and 0 vs D , 
r e s p e c t i v e l y ,  i n  t h e  0-K emission spectrum). 

Ins t rumenta t ion  and Exper imental  Procedures 

A l l  o f  t h e  S-KB, Cl-K8 and P-KB spec t ra  were obtained on a double c r y s t a l  
instrument developed by Andermann’s group a t  t h e  U n i v e r s i t y  o f  Hawaii (11). This 
instrument represents  t h e  a d d i t i o n  o f  a second c r y s t a l  t o  a standard Norelco vacuum 
emission spectrograph. Using c a l c i t e  c r y s t a l s ,  t h e  ins t rumenta l  broadening was 
about 0.7 eV. Spectra taken on t h i s  ins t rument  were obtained p o i n t  by po in t  
t y p i c a l l y  i n  2 t o  4 hours. 

A l l  o f  t h e  0-Ka and C l - K B  spectra were obtained on a 5M focal  l eng th  g r a t i n g  
spectrometer a l s o  devel oped by Andermann’s group (12-14). The instrumental  
r e s o l u t i o n  a t  0-Ka can be as low as 0.05 eV, and a t  C-Ka, as low as 0.02 eV. These 
r e s o l u t i o n  l i m i t s  a re  n o t  achievable w i t h  t h e  present photographic and scanning 
p h o t o e l e c t r i c  d e t e c t i o n  methods, but t h e  use o f  p o s i t i o n  sensing de tec t ion ,  etc.  
should a l l ow  t h e  u t i l i z a t i o n  o f  the  ins t rument  a t  t h e  h igh  r e s o l u t i o n  l i m i t s  w i th  
exposure t imes we l l  below 1 hr. (15). 

With t h e  double c r y s t a l  spectrometer, hel ium was used t o  a l l ow  o p t i c a l  
t ransmission, but w i t h  t h e  g r a t i n g  spectrometer,  vacuun has t o  be employed f o r  0-Ka 
and C-Ka studies.  It s ou ld  be noted, t h a t  w i t h  t h e  g r a t i n g  spectraneter a sample 
chamber pressure o f  lo-$ t o r r  i s  adequate. Cryogenic sample handl ing c u r r e n t l y  
under development w i l l  a l l ow  t h e  i r r a d i a t i o n  and ana lys i s  o f  samples, such as coal, 
which con ta in  v o l a t i l e  compounds. 

Discussion o f  A n a l y t i c a l  C a p a b i l i t i e s  f o r  F u n c t i o n a l i t y  C h a r a c t e r i z a t i o n  

While i t  may be premature t o  asser t  w i t h  any degree o f  c e r t a i n t y  t h e  po ten t i a l  
a n a l y t i c a l  c a p a b i l i t i e s  o f  XFS f o r  c h a r a c t e r i z i n g  t h e  na ture  and amount o f  d i f f e r e n t  
f unc t i ona l  groups, a few g e n e r a l i z a t i o n s  are  i n  order.  Judging f r a n  t h e  p o s i t i o n  of 
t h e  oxygen l o n e  p a i r  peaks i n  squar ic acid, i t  should be feas ib le  t o  d i s t i n g u i s h  
between -C=O and -C-OH groups. I n  t h e  case o f  c a r b o x y l i c  ac ids  t h e  C-K emission i s  
h i g h l y  s i m p l i f i e d  and t h e  h a l f w i d t h  o f  t he  l one  p a i r s  should p rov ide  a handle on the 
presence and q u a n t i t y  o f  mono o r  po lycarboxy l i c  acids. An unsaturated r i n g  system 
provides a unique C zP-Czp II band, and conceivably,  t he  in tegra ted  i n t e n s i t y  might 
y i e l d  use fu l  in fo rma i o n  about t h e  ex ten t  o f  unsatura t ion .  XFS t o  determine s u l f u r  
f u n c t i o n a l i t y ,  as discussed before,  appears t o  p rov ide  a unique c a p a b i l i t y  i n  
determining t h e  degree o f  sa tu ra t i on  i n  t h e  s u l f u r  h e t e r o c y c l i c  substances, as we l l  
as the  c a p a b i l i t y  i n  determining the  na ture  o f  t h e  atoms d i r e c t l y  l i n k e d  t o  the  
s u l f u r  atan. 

While the  above fundamental s tud ies  appear t o  be encouraging, c l e a r l y  i t  w i l l  be 
necessary t o  eva lua te  d i r e c t l y  t h e  a n a l y t i c a l  c a p a b i l i t i e s  o f  XFS f o r  coal 
c h a r a c t e r i z a t i o n .  P r e l i m i n a r y  s tud ies  are c u r r e n t l y  under way. 
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FIGURE 1, Energy Level Diagram For  D i a t m i c  Species A-B. 
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